INTRODUCTION
============

Anemia is a common complication of chronic kidney disease (CKD), the latter of which represents a major worldwide burden on public health, particularly in aging populations \[[@gfy055-B1]\]. Anemia affects the majority of patients with advanced CKD \[[@gfy055-B2]\] and is associated with increased cardiovascular risk, hospitalization and mortality \[[@gfy055-B3]\].

Anemia in CKD is predominantly due to a relative deficiency in erythropoietin (EPO) production by the kidney, although concomitant functional and/or absolute iron deficiency \[[@gfy055-B4]\] and systemic and local inflammation \[[@gfy055-B5], [@gfy055-B6]\] also frequently contribute to its induction and maintenance. Correction of anemia in patients with CKD has been investigated in many studies, with variable impact on prespecified outcomes \[[@gfy055-B7], [@gfy055-B8]\]; in most studies, higher hemoglobin (Hb) concentrations were shown to be associated with improved symptoms, as well as a reduced need for transfusion and/or hospitalization \[[@gfy055-B3], [@gfy055-B7]\].

The current standard of care for anemia secondary to CKD is the use of injectable erythropoiesis-stimulating agents (ESAs), alone, or in combination with intravenous (IV) or oral iron supplementation \[[@gfy055-B10], [@gfy055-B11]\]. While ESAs have been shown to be effective in treating anemia for many patients with CKD, they have some well-recognized limitations. Trials of ESAs in patients with anemia secondary to non-dialysis-dependent CKD (NDD-CKD) or dialysis-dependent CKD (DD-CKD) have demonstrated an increased risk of cardiovascular events associated with higher Hb targets \[[@gfy055-B10]\]. *Post hoc* analyses performed by the federal Food and Drug Administration and others have shown an association between these adverse outcomes and ESA dose \[[@gfy055-B13], [@gfy055-B14]\]. Alternative treatments that limit EPO exposure may be useful additions to the therapeutic armamentarium for renal anemia.

In addition to reduced EPO production, iron absorption and mobilization are frequently reduced in patients with CKD \[[@gfy055-B6]\]. Hb production depends on iron availability and is carefully orchestrated by coordinated signaling from the liver, kidney, and bone marrow. Under normal conditions, EPO induces erythroblast secretion of erythroferrone \[[@gfy055-B15]\], a protein that suppresses hepcidin production in the liver \[[@gfy055-B16]\]. Hepcidin acts as the master regulator of iron homeostasis \[[@gfy055-B17]\]. Lower serum hepcidin concentrations allow for increased iron absorption and mobilization, while higher serum hepcidin concentrations block iron release from internal stores. In a large proportion of patients with CKD, hepcidin concentrations are high despite concurrent anemia; therefore, red blood cell (RBC) production remains impaired due to functional iron deficiency \[[@gfy055-B18]\].

Several lines of evidence suggest that altitude is associated with improved outcomes in end-stage renal disease (ESRD) \[[@gfy055-B19]\]. This process is thought to be mediated by the action of hypoxia-inducible factors (HIFs) \[[@gfy055-B23]\]. HIFs are oxygen-sensitive transcription factors that play a key role in the physiologic adaptation to hypoxia by regulating the expression of multiple genes, including *EPO* and others involved in iron metabolism and erythropoiesis \[[@gfy055-B4], [@gfy055-B24]\]. HIF activity is controlled by prolyl-4-hydroxylase domain (PHD) proteins, which function as oxygen sensors \[[@gfy055-B24]\]. Under normoxia, PHDs target the ΗIF-α subunit for degradation. Under hypoxic conditions, PHD activity is substantially decreased, which reduces HIF degradation. HIF stabilization results in increased expression of HIF target genes, including *EPO* \[[@gfy055-B4], [@gfy055-B24]\], which then stimulates RBC production and the concomitant release of erythroferrone (which reduces hepcidin production), resulting in both iron mobilization and increased Hb production \[[@gfy055-B18]\].

Vadadustat is an oral inhibitor of HIF-PHDs, in development for the treatment of anemia in patients with CKD. In clinical trials to date, vadadustat has been shown to increase and maintain mean Hb in the target range in patients with NDD-CKD \[[@gfy055-B25], [@gfy055-B26]\]. In this report, we present data from a Phase 2 clinical trial evaluating vadadustat in subjects receiving hemodialysis whose anemia was previously controlled with ESA therapy.

MATERIALS AND METHODS
=====================

Study design
------------

This Phase 2, US-based, multicenter, open-label, 16-week study examined the effect of orally administered vadadustat in subjects with renal anemia receiving maintenance hemodialysis from September 2014 to July 2015.

The trial was approved by all relevant Institutional Review Boards and conducted in compliance with International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use/Good Clinical Practice (ICH/GCP) guidelines and the Declaration of Helsinki. Subjects provided voluntary written informed consent.

Study population
----------------

The trial enrolled subjects 18--79 years of age receiving maintenance hemodialysis thrice weekly (TIW) for at least 3 months. Subjects were expected to remain on hemodialysis for the duration of the trial. For the 3 months before screening, all subjects were required to have received epoetin alfa (Epogen^®^) for the treatment of anemia secondary to ESRD and IV iron to maintain adequate iron stores for erythropoiesis. Subjects receiving epoetin alfa doses \>24 000 U/week in the preceding 4 months were excluded from the study (further details are provided in the [Supplementary Materials](#sup1){ref-type="supplementary-material"}).

Interventions
-------------

Eligible subjects continued their ESA therapy during screening, but were required to discontinue ESA therapy prior to their baseline visit, at which time they were assigned to one of three dose cohorts irrespective of baseline characteristics or prior medical history: vadadustat 300 mg once daily (QD), 450 mg QD, or 450 mg TIW. The first dose of vadadustat was administered during the baseline visit and subsequently self-administered on an outpatient basis for 16 consecutive weeks. Dose cohorts were dosed sequentially.

Hb concentrations were measured at each study visit and used to guide dose adjustment or interruption ([Supplementary data, Table S1](#sup1){ref-type="supplementary-material"}). Vadadustat dose increase up to 600 mg per day was permitted beginning at Week 8 and through Week 12; dose decrease was allowed at any time for either intolerance or Hb level concerns. ESA administration was not allowed during the 16-week study period.

In this trial, IV iron supplementation was utilized to maintain serum ferritin concentrations between 100 and 1200 ng/mL. Oral iron was not permitted.

Trial endpoints
---------------

The primary endpoint was the mean change in Hb concentrations between the pre-baseline average (mean of the three values obtained prior to dosing at screening visit 1, screening visit 2 and the baseline visit), the mid-study average (mean of the two values obtained at Weeks 7*--*8 visits) and the end-of-study average (mean of the two values obtained at Weeks 15*--*16 visits).

Secondary endpoints included: absolute and percent change from baseline in Hb levels; reticulocyte count, reticulocyte Hb content (CHr); iron-related indices \[iron, transferrin saturation (TSAT), total iron*-*binding capacity (TIBC), ferritin and hepcidin\]; rates of ESA rescue and RBC transfusion; incidence, severity, and type of adverse events (AEs) and serious AEs (SAEs); and pre-dialysis and postdialysis plasma concentrations of vadadustat and two glucuronide metabolites.

Clinical and safety assessments (including laboratory assays and AEs) were performed at screening visit 1, screening visit 2, baseline (Day 1), during study visits/evaluations while receiving medication (Weeks 2, 4, 6, 7, 8, 10, 12, 14 and 15), at end-of-treatment (Week 16 or at early study withdrawal) and at follow-up (29 days after the last dose of study medication). Blood samples for determination of plasma levels of vadadustat and two glucuronide metabolites were drawn immediately prior to and 10 min after completion of the dialysis session at the Week 2 and 16 visits. Further details are provided in the [Supplementary Materials](#sup1){ref-type="supplementary-material"}.

Statistical analyses
--------------------

The intention-to-treat (ITT) population included enrolled subjects who received at least one dose of vadadustat. The ITT population was used for analyses of demographics, baseline characteristics, pharmacokinetics, and safety parameters.

The modified ITT (mITT) population included subjects who received at least one dose of vadadustat, had a pre-baseline Hb average, and had at least one postbaseline Hb measurement. The mITT population was used for all efficacy endpoint analyses.

The per-protocol (PP) population included all subjects who had efficacy data through Week 16, were ≥80% compliant with study medication and had no major protocol deviations.

The primary efficacy analysis was based on observed data; no imputation of missing data was performed. Differences among dose cohorts were examined using a one-way analysis of variance (ANOVA) for each of the measures of change, and within-group changes from baseline were analyzed using paired t-tests.

A *post hoc* sensitivity analysis of the primary efficacy endpoint was performed using the mITT population and last observation carried forward (LOCF) for subjects with missing Hb data at Weeks 7--8 and/or Weeks 15--16. Within-group changes from baseline were examined with paired t-tests, and differences of mean Hb change from baseline at Weeks 7--8 and Weeks 15--16 among dose cohorts were assessed using an analysis of covariance, controlling for baseline Hb.

Descriptive statistics were used to summarize baseline characteristics and secondary endpoints. *Post hoc* analysis of within-group changes from baseline in iron parameters was performed using paired t-tests. All AEs recorded during the study were coded into Medical Dictionary for Regulatory Activities (MedDRA; version 16.1). Preferred Terms and System Organ Class definitions were displayed by dose cohorts. A two-sided significance level of 0.05 was used to determine statistical significance. All analyses were performed using SAS v9.4 (SAS Institute Inc., Cary, NC, USA).

RESULTS
=======

Subject disposition
-------------------

A total of 94 subjects were enrolled into the study. Twenty-four (80%), 24 (73%) and 21 (68%) subjects completed the study in the 300 mg QD, 450 mg QD, and 450 mg TIW dose cohorts, respectively ([Figure 1](#gfy055-F1){ref-type="fig"}). One subject in the 450 mg QD dose cohort and six subjects in the 450 mg TIW withdrew from the study due to worsening anemia ([Figure 1](#gfy055-F1){ref-type="fig"}). All 94 subjects met criteria for inclusion into the ITT and mITT populations, and 64 (68%) subjects comprised the PP population ([Supplementary data, Table S2](#sup1){ref-type="supplementary-material"}).

![CONSORT flow diagram of the trial design.](gfy055f1){#gfy055-F1}

Baseline characteristics
------------------------

Baseline characteristics were generally balanced across dose cohorts, except for a higher proportion of White/Caucasian subjects and lower average pre-baseline epoetin dose reported in the 300 mg QD dose cohort compared with the other dose cohorts ([Table 1](#gfy055-T1){ref-type="table"}). Demographics and disease-related characteristics of the study population were reflective of the overall US population of patients on dialysis \[[@gfy055-B14]\], with a mean ± standard deviation (SD) subject age of 58 ±11 years, median (interquartile range) dialysis vintage of 2.7 (1.4--6.1) years and 64% with diabetes mellitus. Table 1Subject demographics and baseline characteristics (ITT population)Vadadustat dose cohortsCharacteristic300 mg QD450 mg QD450 mg TIWAll subjects(n = 30)(n = 33)(n = 31)(n = 94)Age (years)55.5 ± 12.459.4 ± 11.657.8 ± 8.357.6 ± 10.9Sex Male17 (56.7)18 (54.5)19 (61.3)54 (57.4) Female13 (43.3)15 (45.5)12 (38.7)40 (42.6)Weight (kg)82.7 ± 22.782.1 ± 19.784.2 ± 16.583.0 ± 19.6BMI (kg/m^2^)29.8 ± 7.729.6 ± 6.029.2 ± 5.429.5 ± 6.4Race Black/African American6 (20.0)9 (27.3)9 (29.0)24 (25.5) White/Caucasian24 (80.0)21 (63.6)19 (61.3)64 (68.1) Other0 (0.0)3 (9.1)3 (9.7)6 (6.4)Etiology of CKD[\*](#tblfn2){ref-type="table-fn"} Diabetes16 (53.3)23 (69.7)21 (67.7)60 (63.8) Hypertension & large vessel disease15 (50.0)17 (51.5)21 (67.7)53 (56.4) Other17 (56.67)18 (54.55)12 (38.71)47 (50.00)Medical History[\*](#tblfn2){ref-type="table-fn"} Diabetes18 (60.0)25 (75.8)19 (61.3)62 (66.0) Hypertension28 (93.3)33 (100.0)31 (100.0)92 (97.9)Time since initiation of dialysis (years \[10th, 90th percentiles\])4.9 (0.9, 11.6)4.9 (0.7, 11.6)3.9 (0.5, 6.9)4.6 (0.8, 10.8)Baseline epoetin alfa dose (U/week)5940 ± 43878022 ± 52088059 ± 65197370 ± 5478Blood pressure: systolic (mmHg)138.9 ± 18.4147.8 ± 25.3147.3 ± 18.2144.8 ± 21.2Blood pressure: diastolic (mmHg)70.9 ± 11.678.3 ± 12.474.8 ± 10.774.8 ± 11.6Heart rate (beats/min)77.1 ± 10.080.5 ± 13.674.9 ± 10.277.6 ± 11.6Hb (g/dL)10.4 ± 0.710.6 ± 0.610.5 ± 0.510.5 ± 0.6Iron (µg/dL)70.6 ± 26.366.6 ± 23.775.4 ± 32.370.8 ± 27.5TIBC (µg/dL)204.5 ± 39.7196.7 ± 29.4188.8 ± 32.3196.6 ± 34.2Ferritin (ng/mL)762.9 ± 470.5782.0 ± 465.2807.8 ± 431.0784.4 ± 451.4TSAT (%)34.6 ± 11.633.7 ± 11.137.5 ± 13.335.2 ± 12.0Hepcidin (ng/mL)102.6 ± 58.9119.6 ± 54.8105.4 ± 46.8109.5 ± 53.7C-reactive protein (mg/dL)1.2 ± 2.41.1 ± 1.51.6 ± 3.31.3 ± 2.4Serum bicarbonate (mEq/l)17.68 ± 2.8819.84 ± 2.8719.26 ± 2.7818.96 ± 2.96CHr (pg)32.39 ± 1.8032.12 ± 1.6830.99 ± 2.3731.84 ± 2.04[^1][^2][^3]

Subject dosing
--------------

The proportion of subjects demonstrating \>80% compliance with study medication by drug accountability (pill count) exceeded 90% in each of the dose cohorts. Mean ±SD prescribed doses at Weeks 14--16 in evaluable subjects who completed the study were 375 ±133 mg in the 300 mg QD dose cohort (*n* = 24), 488 ±167 mg in the 450 mg QD dose cohort (*n* = 24), and 488 ±145 mg in the 450 mg TIW dose cohort (*n* = 20).

Mean change in Hb, mean Hb levels and Hb excursions
---------------------------------------------------

### Primary efficacy analysis

The primary efficacy analysis (using observed data from the mITT population) demonstrated no significant mean change in Hb from pre-baseline levels at Weeks 7--8 and Weeks 15--16 in the 300 mg QD, 450 mg QD or 450 mg TIW dose cohorts; in addition, no between-group differences in mean change in Hb were observed ([Table 2](#gfy055-T2){ref-type="table"}). Mean Hb levels were maintained from pre-baseline values to Weeks 7--8 and Weeks 15--16 in each of the three dose cohorts ([Table 2](#gfy055-T2){ref-type="table"}, [Figure 2](#gfy055-F2){ref-type="fig"}). Similar findings were observed for the per protocol analysis ([Supplementary data, Table S3](#sup1){ref-type="supplementary-material"}). Table 2Mean Hb values and mean change in Hb across and between dose cohorts (mITT population)Mean Hb (SD), *n*Weeks 7--8 vs Pre-baselineWeeks 15--16 vs Pre-baselineCohortsPre-baselineWeeks 7--8Weeks 15--16Mean ΔHb (SD), *n*95% CIP-value[^a^](#tblfn4){ref-type="table-fn"}Mean ΔHb (SD), *n*95% CIP-value[^a^](#tblfn4){ref-type="table-fn"}300 mg QD10.43 (0.65), 3010.41 (0.83), 2810.30 (0.97), 240.00 (0.90), 28−0.35, 0.350.99−0.03 (0.90), 24−0.41, 0.350.86450 mg QD10.55 (0.58), 3310.26 (1.17), 2810.53 (1.03), 24−0.29 (0.97), 28−0.66, 0.090.13−0.07 (0.97), 24−0.48, 0.340.73450 mg TIW10.52 (0.53), 3110.19 (0.95), 2610.37 (1.00), 21−0.36 (1.13), 26−0.81, 0.100.12−0.14 (1.12), 21−0.65, 0.370.58Weeks 7--8Weeks 15--16Dose cohorts, pairwise comparisonMean difference in change in Hb (95% CI)P-value[^b^](#tblfn5){ref-type="table-fn"}Mean difference in change in Hb (95% CI)P-value[^b^](#tblfn5){ref-type="table-fn"}300 mg QD versus 450 mg QD0.29 (−0.25, 0.82)0.290.04 (−0.54, 0.61)0.89300 mg QD versus 450 mg TIW0.36 (−0.19, 0.90)0.190.10 (−0.49, 0.70)0.73450 mg QD versus 450 mg TIW0.07 (−0.48, 0.61)0.800.07 (−0.53, 0.66)0.82[^4][^5][^6]

![Mean hemoglobin concentrations over time (mITT population). Box-and-whisker plots represent 10th, 25th, 75th and 90th percentiles. The medians are indicated by the line within the boxes, and the means are indicated by the symbol within the boxes.](gfy055f2){#gfy055-F2}

### Sensitivity analysis

In the mITT LOCF sensitivity analysis of mean change in Hb, no significant mean change in Hb from pre-baseline levels was observed in the 300 mg QD dose cohort. At Weeks 15--16, significant mean changes of −0.40 \[95% confidence interval (CI) −0.77, −0.03\] and −0.52 (95% CI −1.03, −0.02) were observed in the 450 mg QD and 450 mg TIW dose cohorts, respectively ([Table 3](#gfy055-T3){ref-type="table"}). Table 3Mean Hb values and mean change in Hb across and between dose cohorts (mITT population with LOCF imputation, sensitivity analysis)Mean Hb[^a^](#tblfn7){ref-type="table-fn"} (SD), *n*Weeks 7--8 vs Pre-baselineWeeks 15--16 vs Pre-baselineCohortsPredoseWeeks 7--8Weeks 15--16Mean ΔHb[^a^](#tblfn7){ref-type="table-fn"} (SD), *n*95% CIP-value[^b^](#tblfn8){ref-type="table-fn"}Mean ΔHb[^a^](#tblfn7){ref-type="table-fn"} (SD), *n*95% CIP-value[^b^](#tblfn8){ref-type="table-fn"}300 mg QD10.43 (0.65), 3010.44 (0.81), 3010.28 (0.91), 300.01 (0.87), 30−0.32, 0.330.97−0.15 (0.89), 30−0.48, 0.180.35450 mg QD10.55 (0.58), 3310.12 (1.17), 3310.15 (1.15), 33−0.42 (0.99), 33−0.78, −0.070.02−0.40 (1.05), 33−0.77, −0.030.04450 mg TIW10.52 (0.53), 3110.08 (0.93), 319.99 (1.2), 31−0.43 (1.08), 31−0.83, −0.040.03−0.52 (1.38), 31−1.03, −0.020.04Weeks 7--8Weeks 15--16Dose cohorts, pairwise comparisonMean difference in change in Hb, 95% CIP-value[^c^](#tblfn9){ref-type="table-fn"}Mean difference in change in Hb, 95% CIP-value[^c^](#tblfn9){ref-type="table-fn"}300 mg QD versus 450 mg QD−0.37 (−0.85, 0.10)0.12−0.18 (−0.73, 0.36)0.51300 mg QD versus 450 mg TIW−0.40 (−0.88, 0.09)0.11−0.32 (−0.88, 0.23)0.25450 mg QD versus 450 mg TIW−0.02 (−0.49, 0.45)0.92−0.14 (−0.68, 0.40)0.61[^7][^8][^9][^10]

### Additional analyses

One subject (1.1%) exhibited an Hb excursion of \>13.0 g/dL. The subject, assigned to an initial dose of 300 mg QD and prescribed 150 mg QD at the time of the excursion, had an Hb of 13.1 g/dL at Week 12. Dosing was interrupted, in keeping with the protocol-specified dose adjustment algorithm. After 2 weeks, the Hb level was 11.1 g/dL, and vadadustat was restarted at 150 mg QD for the remainder of the study.

Subjects in the 450 mg TIW dose cohort who discontinued the study due to worsening anemia had a higher mean ±SD pre-baseline epoetin dose (*n* = 6; 14254 ±8078 U/week) compared with subjects who discontinued due to other reasons (*n* = 4; 8225 ±9692 U/week) or subjects who completed the study (*n* = 21; 6257 ±4291 U/week). The subject in the 450 mg QD dose cohort who discontinued the study due to worsening anemia had a higher pre-baseline epoetin dose (15000 U/week) than subjects who discontinued due to other reasons (*n* = 8; 9172 ±5695 U/week) or subjects who completed the study (*n* = 24; 7348 ±4981 U/week).

Secondary endpoints
-------------------

### Reticulocyte count and mean CHr

Absolute reticulocyte count and mean CHr ([Supplementary data, Figure S1](#sup1){ref-type="supplementary-material"}) remained stable throughout the treatment period in the three dose cohort.

### Iron-related biomarkers

IV iron was administered throughout the study in 41 subjects, to maintain serum ferritin concentrations between 100 and 1200 ng/mL. The amount of IV iron administered before and during the study varied within and among dose cohort ([Supplementary data, Table S4](#sup1){ref-type="supplementary-material"}).

Descriptive analyses showed that vadadustat resulted in an increase in mean TIBC, iron, and TSAT ([Figure 3](#gfy055-F3){ref-type="fig"}). The mean ±SD change in TIBC at Week 16 was 27.7 ±35.27 μg/dL in the 300 mg QD cohort, 24.9 ±29.10 μg/dL in the 450 mg QD cohort, and 25.7 ±21.78 μg/dL in the 450 mg TIW cohort. The change in TIBC was similar among the two QD dose cohorts.

![Mean iron **(A),** TSAT **(B),** TIBC **(C),** ferritin **(D)** and hepcidin **(E)** levels over time **(**mITT population**).** Box-and-whisker plots represent 10th, 25th, 75th and 90th percentiles. The medians are indicated by the line within the boxes, and the means are indicated by the symbol within the boxes. Statistical significance values are only provided for measurements at Weeks 8 and 16, relative to the baseline values. \*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001.](gfy055f3){#gfy055-F3}

Mean serum hepcidin and ferritin concentration values decreased in the two QD dose cohorts and suggested a dose-dependent response ([Figure 3](#gfy055-F3){ref-type="fig"}). At Week 16, the mean ±SD change from baseline in serum ferritin was −56.7 ±317.1 ng/mL in the 300 mg QD cohort and −115.4 ±276.6 ng/mL in the 450 mg QD cohort. In the 450 mg TIW cohort, a decrease of 39.0 ±485.0 ng/mL was observed. The mean ±SD change from baseline in serum hepcidin at Week 16 was −15.1 ±46.5 ng/mL in the 300 mg QD cohort, −21.7 ±45.4 ng/mL in the 450 mg QD cohort, and −4.9 ±50.4 ng/dL in the 450 mg TIW cohort.

In *post hoc* analyses, statistically significant differences from baseline in iron parameters were observed as shown in [Supplementary data, Table S5](#sup1){ref-type="supplementary-material"}.

### ESA administration and RBC transfusion

Although blood transfusions and ESA administration were not permitted during the 16-week treatment period, 12/94 (13%) subjects received one or more doses of ESA during the study (300 mg QD cohort, *n* = 4; 450 mg QD cohort, *n* = 6; and 450 mg TIW cohort, *n* = 2). ESA was administered inadvertently in 10 subjects. In the other two subjects, ESA was prescribed during hospitalization for an SAE (heart failure, worsening hyperkalemia) assessed by study investigators as unrelated to vadadustat. There were no Hb excursions ≥13.0 g/dL during coadministration of vadadustat and ESA. RBC transfusions were administered to 2/94 (2.1%) subjects during the study period. Each received a single blood transfusion while hospitalized for an SAE \[arteriovenous (AV) fistula thrombosis, pneumonia\] assessed as unrelated to vadadustat.

### Plasma levels of vadadustat and its metabolites

Although a formal dose proportionality analysis was not conducted, visual inspection of the data showed that plasma concentrations of vadadustat and the metabolites acyl- and O-glucuronide increased in an apparent dose-dependent manner. Repeated dosing of vadadustat over the 16 weeks of treatment did not appear to result in accumulation of vadadustat or its metabolites ([Supplementary data, Figure S2](#sup1){ref-type="supplementary-material"}). Based on a single sample taken at Weeks 2 and 16 predialysis and at 10 min postdialysis, plasma concentrations of vadadustat were similar. Plasma concentrations of the acyl- and O-glucuronide metabolites were lower following the dialysis treatment.

Safety
------

Overall, 78/94 (83%) subjects experienced at least one AE; the percentage of subjects who experienced one or more AE was similar among the three dose cohorts, with no apparent dose effect on the frequency of AEs ([Table 4](#gfy055-T4){ref-type="table"}). The most frequently reported AEs were nausea (11/94 subjects, 11.7%), diarrhea (10/94, 10.6%) and vomiting (9/94, 9.6%). Among these, 22/94 (23.4%) subjects had at least one AE reported by investigators as related to vadadustat therapy; the most common drug-related AEs were nausea (7/94, 7.4%) and vomiting (4/94, 4.3%). SAEs occurred in 13 (13.8%) subjects. Pneumonia (3/94, 3.2%), AV fistula thrombosis (2/94, 2.1%) and acute myocardial infarction (MI) (2/94, 2.1%) were the only SAEs that were reported in more than one subject. One subject with a history of coronary artery bypass graft and left internal mammary artery stenting was diagnosed with a non-ST elevation MI based on an incidental elevated troponin level in the absence of symptoms of myocardial ischemia. The other subject had a history of type 2 diabetes, hypertension and hypercholesterolemia, and was diagnosed with acute MI and advanced three-vessel coronary artery disease on study Day 27---10 days after treatment with vadadustat had been discontinued due to a major protocol deviation. None of the SAEs was considered by the trial investigators to be related to vadadustat therapy. There were no deaths reported during the study period. Table 4AEs (ITT population)CategoryVadadustat dose cohorts300 mg QD450 mg QD450 mg TIWAll subjects(*n* = 30)(*n* = 33)(*n* = 31)(*n* = 94)Number of AEs1109589294Subjects with ≥1 AE, *n* (%)26 (86.7)26 (78.8)26 (83.9)78 (83.0)AEs reported in ≥5% of subjects, *n* (%) Nausea4 (13.3)3 (9.1)4 (12.9)11 (11.7) Diarrhea4 (13.3)4 (12.1)2 (6.5)10 (10.6) Vomiting3 (10.0)3 (9.1)3 (9.7)9 (9.6) Headache3 (10.0)2 (6.1)3 (9.7)8 (8.5) Dizziness2 (6.7)3 (9.1)2 (6.5)7 (7.4) Abdominal pain2 (6.7)4 (12.1)06 (6.4) Muscle spasms3 (10.0)2 (6.1)1 (3.2)6 (6.4) AV fistula thrombosis3 (10.0)1 (3.0)1 (3.2)5 (5.3) Back pain1 (3.3)1 (3.0)3 (9.7)5 (5.3)Subjects with ≥1 SAE[^a^](#tblfn11){ref-type="table-fn"}, *n* (%)2 (6.7)6 (18.2)5 (16.1)13 (13.8)SAEs reported in ≥1 subject, *n* (%) Pneumonia1 (3.3)1 (3.0)1 (3.2)3 (3.2) AV fistula thrombosis1 (3.3)01 (3.2)2 (2.1) Acute MI1 (3.3)1 (3.0)02 (2.1)Subjects with ≥1 drug-related AE[^b^](#tblfn12){ref-type="table-fn"}, *n* (%)10 (33.3)6 (18.2)6 (19.4)22 (23.4)Subjects with AE leading to study withdrawal, *n* (%)3 (10.0)4 (12.1)1 (3.2)8 (8.5)Subjects with ≥1 drug-related SAE[^b^](#tblfn12){ref-type="table-fn"}, *n* (%)0000Deaths, *n* (%)0000[^11][^12]

Over the course of the trial, no meaningful changes from baseline in mean systolic and diastolic blood pressures, pulse rate, and respiratory rate were noted across the three dose cohorts. Hypertension was reported as an AE in 4/94 subjects ([Supplementary data, Table S6](#sup1){ref-type="supplementary-material"}) and was reported by the investigators as related to vadadustat in 3/4 subjects. All four subjects had a prior history of hypertension and showed wide variation in their systolic blood pressure readings between the screening and baseline visits, as well as during the treatment period. Hypotension was reported as an AE in 4/94 subjects; none of these events was considered by the study investigators to be associated with vadadustat treatment.

There were no trends in vital signs, electrocardiographic parameters or safety laboratory values, and the number of subjects with recorded abnormal laboratory values were similar in each dose cohort. Serum bicarbonate ([Supplementary data, Figure S3](#sup1){ref-type="supplementary-material"}) levels remained stable throughout the treatment period in the three dose cohorts. No trend was observed for mean plasma vascular endothelial growth factor (VEGF) and serum cholesterol or triglyceride measurements ([Supplementary data, Table S7](#sup1){ref-type="supplementary-material"}).

DISCUSSION
==========

Vadadustat belongs to a new class of potential treatment options that stabilize HIF by reversibly inhibiting HIF-PHD dioxygenases---hydroxylating enzymes that target the oxygen-sensitive HIF-α subunit for rapid proteasomal degradation in the presence of oxygen. In two Phase 2 trials of subjects with NDD-CKD, vadadustat increased reticulocyte production and raised or maintained mean Hb concentrations with limited excursions above the target range \[[@gfy055-B25], [@gfy055-B26]\]. In addition, in subjects with NDD-CKD, vadadustat treatment was associated with favorable changes in iron-related biomarkers, namely, increased serum TIBC and decreased ferritin and hepcidin levels \[[@gfy055-B25], [@gfy055-B26]\].

This 16-week, open-label Phase 2 trial evaluated the effect of vadadustat on Hb concentrations and iron indices in subjects receiving hemodialysis who had been on prior epoetin alpha therapy, who have similar baseline characteristics to the US population of patients on dialysis \[[@gfy055-B14]\]. Vadadustat starting doses of 300 mg QD, 450 mg QD, and 450 mg TIW maintained mean Hb concentrations, from pre-baseline values to Weeks 7--8 and 15--16 in the prespecified primary efficacy analysis using observed data. In the sensitivity analysis using LOCF to account for early discontinuations, mean Hb levels remained stable in the 300 mg QD dose cohort and modest declines were observed in the 450 mg QD and 450 mg TIW dose cohorts. Three percent and 19% of subjects in the 450 mg QD and 450 mg TIW dose cohorts, respectively, discontinued due to worsening of anemia; analysis of baseline characteristics revealed a higher pre-baseline epoetin alfa dose in these subjects. Additionally, in this study, dose titration of vadadustat was not permitted until Week 8. These findings warrant further assessment in future studies.

The erythropoietic effects of vadadustat in subjects receiving hemodialysis were consistent with the known actions of HIF, which include increased renal and hepatic EPO production, a reduction in serum hepcidin concentration, increased intestinal iron uptake, and enhanced release of stored iron from enterocytes, hepatocytes and macrophages \[[@gfy055-B4], [@gfy055-B27]\]. It is worth noting that the effect on iron homeostasis is one of the key potential differences between vadadustat and ESAs. Unlike ESAs, which indirectly affect iron mobilization through hepcidin modulation \[[@gfy055-B28], [@gfy055-B29]\], HIF-PHD inhibitors are predicted to have direct effects on iron metabolism through regulation of several genes involved in iron transport and absorption independent of EPO stimulation \[[@gfy055-B30], [@gfy055-B31]\].

Patients on hemodialysis have greater iron requirements than patients without renal impairment, due to a combination of increased systemic inflammation and sustained blood loss with recurrent dialysis and phlebotomy \[[@gfy055-B32]\]. IV iron is administered concurrently with ESA in order to ensure that patients have adequate iron resources to keep up with the demands of a strong erythropoietic signal produced by ESAs \[[@gfy055-B31], [@gfy055-B33]\], but patients generally do not experience increased intestinal iron absorption after treatment \[[@gfy055-B30], [@gfy055-B31], [@gfy055-B34]\]. In contrast, studies with other HIF-PHD inhibitors \[[@gfy055-B37]\] or at high altitude (hypobaric hypoxia) \[[@gfy055-B19], [@gfy055-B22]\] in patients receiving hemodialysis have indicated an additional increase in iron utilization, presumably due to improved intestinal iron absorption and mobilization \[[@gfy055-B40]\]. In the current study, the apparent iron mobilization seen with vadadustat may be explained by less stringent study eligibility criteria regarding iron saturation (a wide ferritin target range and unrestricted TSAT values), but our observations with respect to iron parameters are also consistent with drug class findings of improved iron mobilization. Further study is warranted in this patient subpopulation with respect to iron supplementation requirements and utilization in the context of new therapeutic approaches.

Based upon limited sampling, plasma concentrations of vadadustat appeared unaffected by hemodialysis. In a previous study, when vadadustat was given 2 h prior to and 4 h after hemodialysis, dialysis had no significant impact on either the maximal drug concentration in serum (C~max~) or extent (AUC~inf~) of vadadustat or its phenolic glucuronide, whereas the plasma concentration of its acyl glucuronide was lower following dialysis (this metabolite represented \<1% of vadadustat plasma exposure) \[[@gfy055-B41]\].

Patients with ESRD are an older, fragile population, characterized by a high prevalence of cardiovascular and other comorbidities \[[@gfy055-B42]\]. In this study of subjects with ESRD, AEs were primarily mild or moderate in severity, and there was no discernable trend in the type or frequency of events across the three dose cohorts. Eight of the 94 (9%) subjects discontinued treatment because of AEs, which were primarily gastrointestinal in nature. None of these eight AEs was reported in more than one subject who discontinued. No deaths were reported, and none of the observed SAEs was reported by the investigators as related to vadadustat. With respect to cardiovascular events, two MIs were reported in this study and were not considered related to vadadustat.

Our study was limited by the small sample size, treatment duration, open-label design, and the lack of a control group. Iron administration was not standardized and the ferritin target range was wide; as a result, firm conclusions regarding the impact of vadadustat on iron metabolism in the subjects with ESRD will require additional study. The trial excluded patients receiving epoetin doses \>24 000 U/week. Furthermore, because HIF transcription factors are involved in regulating multiple signaling and metabolic pathways, systemic HIF-PHD inhibition has the potential to have effects beyond increasing Hb, some of which have been described in genetic animal models \[[@gfy055-B46]\]. For example, HIF promotes angiogenesis through upregulation of VEGF \[[@gfy055-B49]\]. Though no discernible effect on VEGF was noted with the use of vadadustat in CKD subjects at the tested doses, concerns remain regarding the oncogenic potential of HIF-activating compounds \[[@gfy055-B50], [@gfy055-B51]\] and their use in patients with proliferative retinopathy \[[@gfy055-B52], [@gfy055-B53]\]. HIF has also been directly implicated in tumor cell growth and metastasis, as well as the pathogenesis of diabetes \[[@gfy055-B54]\] and pulmonary hypertension \[[@gfy055-B51]\], raising additional cardiovascular safety concerns. Conversely, HIF activation has been shown to have cytoprotective \[[@gfy055-B51]\] and beneficial metabolic and anti-inflammatory effects \[[@gfy055-B51], [@gfy055-B55], [@gfy055-B56]\]. Although some of these non-erythropoietic actions are dependent on cell type, the degree and duration of HIF activation, and these effects may only be detectable in genetic animal models, careful and comprehensive safety evaluations are needed in patients on long-term therapy with HIF-PHD inhibitors. The long-term safety profile of vadadustat in subjects with anemia of NDD-CKD and DD-CKD is currently being investigated in several large Phase 3 clinical trials. Comparative studies among different HIF-PHD inhibitors will be needed to assess potential drug differences.

In summary, in this open-label Phase 2 trial investigating QD (300 and 450 mg) and TIW dosing (450 mg), subjects receiving hemodialysis who remained on vadadustat treatment maintained stable mean Hb concentrations after being converted from epoetin alfa. Given its effects on erythropoiesis and preliminary safety profile, vadadustat has the potential to provide an alternative to conventional ESA therapy for the treatment of anemia secondary to CKD.
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[^1]: Data are presented as n (%) or mean ± SD, with the exception of vintage, reported as median (10%, 90% range)

[^2]: Patients could have \>1 disease etiology and \>1 medical condition (medical history)

[^3]: BMI, body mass index; CHr, reticulocyte Hb content; CKD, chronic kidney disease; Hb, hemoglobin; QD, once daily; SD, standard deviation; TIBC, total iron binding capacity; TIW, three times per week; TSAT, transferrin saturation.

[^4]: The analysis compared the mean Hb change relative to the baseline value to a mean change of 0.

[^5]: The analysis was an analysis of variance (ANOVA) without multiple adjustments.

[^6]: CI, confidence interval; Hb, hemoglobin; mITT, modified intent-to-treat; PP, per protocol; QD, daily dosing; SD, standard deviation; TIW, three times weekly dosing.

[^7]: Subjects who received at least one dose of study medication and had one postdose Hb measurement were used in this analysis; imputation of LOCF was used to provide Hb values for subjects who did not complete the study.

[^8]: The analysis compared the mean Hb change relative to the baseline value to a mean change of 0.

[^9]: The analysis was an analysis of variance (ANOVA) without multiple adjustments.

[^10]: CI, confidence interval; Hb, hemoglobin; LOCF, last observation carried forward; mITT, modified intent-to-treat; PP, per protocol; QD, daily dosing; SD, standard deviation; TIW, three times weekly dosing.

[^11]: A total of 22 SAEs were reported in 13/94 (13.8%). Pneumonia (*n* = 3, 3.2%), AV fistula thrombosis (*n* = 2, 2.1%), and acute MI (*n* = 2, 2.1%) were the only SAEs that were reported in \>1 of the 94 subjects. No strokes or transient ischemic attacks were reported.

[^12]: As assessed by the investigator as possibly or probably related to vadadustat.
